We investigated the usefulness of cerebrovascular reserve (CVR) testing to predict severe hemodynamic changes during proximally protected carotid artery stenting. Of 90 patients referred, 63 eligible underwent complete evaluation of the extent of carotid artery disease and transcranial doppler ultrasound (TCD) assessment of CVR by means of a breath-holding test and ophthalmic artery flow pattern evaluation.
INTRODUCTION
Carotid artery disease is an important risk factor for a stroke development and it has been estimated that stenosis of the internal carotid artery is responsible for up to 15-20% of the occurrence of all strokes or transient ischemic attacks (Sacco et al. 1995) .
The prevalence of carotid artery disease increases with age and its wide variability of clinical manifestation ranges from incidental asymptomatic findings to devastating or fatal stroke, with cerebral collateral circulation being considered one of the major modifying factors (Liebeskind 2003) . In order to decrease the stroke burden, carotid endarterectomy has been used extensively to eliminate both hemodynamically significant stenosis as well as carotid artery plaques as a source of cerebral atheroemboli. Over time, carotid artery stenting has evolved into a reliable method so that it may now be offered as a first-line treatment to selected patients (Spacek and Veselka 2013) . Nevertheless, because of the improvement in medical therapy, there is a concern regarding the indication for invasive treatment in asymptomatic patients with severe unilateral carotid stenosis. Therefore, the safety of the procedure is of a paramount importance in order to evaluate the true benefit. With an increasing use of proximal protection systems resembling a surgical clamp (inducing flow stagnation within internal carotid artery by sequential balloon occlusion of external and common carotid artery), it is necessary to understand collateral cerebral circulation in order to protect patients from peri-procedural hypoperfusion, which has been proven to increase the risk of peri-procedural cerebral events (Ackerstaff et al. 2005, Caplan and Hennerici 1998) .
Transcranial Doppler ultrasound (TCD) is a useful tool allowing testing of cerebrovascular reserve (CVR) and monitoring in real time of a patient's hemodynamic status during procedure (Spacek et al. in press) . Its usefulness in predicting severe hemodynamic changes during the period of carotid flow arrest has, however, been poorly defined. In our study, we prospectively evaluated CVR in asymptomatic patients referred for carotid artery stenting and focused on the ability of a CVR examination to predict severe hemodynamic changes during proximally protected procedures in patients with unilateral carotid artery disease.
PATIENTS AND METHODS
During the study period between October 2012 and December 2014, we evaluated 90 asymptomatic patients considered high-risk for carotid endarterectomy (either multiple comorbidities and/or "hostile neck" with difficult approach to bifurcation including restenosis after endarterectomy), who had been referred to our institution for endovascular treatment with a presumed internal carotid artery stenosis of > 70% based on an outpatient non-invasive examination. Prior to carotid angiography, the majority of patients underwent a complete ultrasound reevaluation of the cervical arteries, performed by an experienced sonographer, using color Doppler flow imaging and pulse-Doppler examination (Toshiba Nemio XG, Toshiba Corporation, Tokyo, Japan). Apart from that, the extent of carotid and vertebral artery disease was reassessed during conventional cerebral angiography with severe carotid artery disease defined as >70% internal carotid artery stenosis according to the NASCET criteria (North American Symptomatic Carotid Endarterectomy Trial Collaborators 1991). Patients with significant external carotid artery disease (>70% stenosis) as well as with severe steno-occlusive disease of the vertebral arteries (abnormal flow pattern or retrograde flow) were excluded from the study (6 and 3 patients, respectively, predominantly with extensive carotid artery disease). Prior to TCD evaluation, all patients gave written informed consent for participation in the study, Peri-procedural stroke was defined as a new neurological deficit that persisted for more than 24 hours; a minor stroke was defined as a new neurological deficit that resolved completely or returned to baseline within 30 days. Transient ischemic attack was defined as a new neurological deficit that persisted for less than 24 hours and then completely resolved or returned to baseline. Balloon clamp intolerance was defined as a change in neurologic status with a direct relationship to the induction of flow arrest and subsequent resolution immediately after flow arrest termination. Compared to the study group, ophthalmic artery flow reversal was identified in a significantly larger proportion of patients (42.9% vs. 2.5%, p<0.01). When combined with low BHI values, abnormal CVR in at least one territory was detected in a significantly larger percentage as well (76.9% vs. 26.3%, p=0.02).
In all 24 patients with unilateral carotid artery disease treated with proximally protected carotid stenting, procedural monitoring of ipsilateral middle cerebral artery MFV was successfully completed. The average baseline MFV was 48.9 cm/s and the velocity drop following external carotid artery balloon occlusion was low (3.5%, p=0.67), compared to the induction of total flow arrest (32.8%, p<0.01) (Fig. 3) . In the only patient with reversed ophthalmic artery flow (and 95% target internal carotid artery stenosis), the velocity drop was more prominent with external carotid artery occlusion and followed by only a slight flow decrease after total flow arrest induction (baseline 35cm/s, post-ECA occlusion 19cm/s and post-CCA occlusion 16cm/s). Six patients developed significant middle cerebral artery MFV drop of >50% from baseline values. However, pre-procedural CVR evaluation identified only 4 of these patients to have abnormal CVR, while 2 patients had normal ophthalmic artery flow patterns as well as BHI values (BHI ipsilateral to target internal carotid artery: 2.062 and 1.489, internal carotid artery stenosis 80% and 70%, respectively). In the patient with a pre-procedural BHI value of 1.489, clinical intolerance developed immediately after sequential balloon occlusion with near-complete MCA flow arrest (Fig. 4) , suggesting insufficient collateral support. Immediate flow arrest termination led to a prompt and complete resolution of neurological symptoms and the procedure was successfully completed using filter-type protection.
DISCUSSION
In our study, we present our single-center experience with consecutive patients referred for carotid artery stenting in whom CVR was prospectively evaluated by means of TCD. Moreover, we used the induction of flow arrest within internal carotid artery during proximally protected procedures as a test to assess the ability of CVR to predict severe hemodynamic changes during total carotid artery occlusion. Based on our results, we suggest that pre-procedural TCD testing is not a reliable predictor of severe hemodynamic changes in unselected patients with unilateral carotid stenosis undergoing proximally protected carotid artery stenting. Several authors have tried to estimate the role of pre-procedural TCD to detect severe hemodynamic changes during temporary carotid occlusion. Interestingly, it has been suggested that a pre-procedural carotid compression test might be useful in determining the patients who would tolerate carotid occlusion well (Anzola et al. 2008 ). This test, however, carries a risk of stroke due to mobilization of plaque content. Conversely, little is known about the use of pre-procedural CVR evaluation and most of the data come from studies with patients undergoing surgical carotid endarterectomy, resulting in ambiguous conclusions (Telman et al. 2007 , Visser et al. 2000 . The drawback of these studies were unselected inclusion of patients with both unilateral and bilateral carotid artery disease, lack of evaluation of ophthalmic artery flow, and the use of a shunt requirement as an endpoint, all of which make interpretation difficult and the results not generalizable to patients undergoing a proximally protected carotid artery stenting.
In our study, we first defined the CVR patterns in unselected consecutive patients referred for carotid artery stenting with emphasis on ophthalmic artery flow assessment. Interestingly, Fearn et al. (2000) evaluated the contribution of external carotid artery flow to the cerebral circulation in unselected patients (including both those with unilateral and bilateral carotid artery disease) undergoing surgical carotid endarterectomy and concluded that external carotid artery may significantly contribute to the ipsilateral middle cerebral artery flow. However, Rutgers et al.
(2000) observed in their large series that ophthalmic artery flow reversal was never present in patients with internal carotid artery stenosis of 80% or less. We observed that ophthalmic artery flow reversal was dependent on the severity of carotid artery disease and prevailed in the group of patients with the most extensive bilateral disease, but was rare in patients with unilateral stenosis. Therefore, the finding of abnormal CVR in the study group more commonly represented by impaired BHI values underscores the importance of the ophthalmic artery as the last-option collateral that becomes activated when primary collaterals fail. In accordance with this finding, a relatively minor contribution of external carotid artery to middle cerebral artery flow was observed during selective external carotid artery occlusion as compared to total flow arrest.
It is well known that carotid artery stenting produces larger amounts of cerebral embolism compared to carotid endarterectomy, in which a hemodynamic stroke may contribute to the risk of a peri-procedural neurologic complication (Jordan et al. 1999) . While shunt insertion may improve the hemodynamic situation in patients undergoing surgical procedure, no such intervention is possible during proximally protected carotid artery stenting. Interestingly, Stabile et al. (2010) in their large experience with 1300 patients (87.5% with unilateral carotid artery disease) who were managed with a proximally protected procedure, reported that, despite clinical tolerance by most of the patients of the flow arrest, up to every fifth patient developed signs of clinical intolerance during the period of active blood aspiration, suggesting that a large proportion of patients had borderline or compromised cerebral blood flow during the period of flow arrest. Indeed, we observed in our study that 6 of the 24 patients treated with a proximally protected procedure had a middle cerebral artery MFV drop of more than 50% form baseline values, a cut-off considered to increase the risk of procedural complications. In that case, we apply a slow TCD-guided blood aspiration technique to prevent the development of clinical intolerance requiring preterm balloon deflations. However, we observed that such a situation might develop despite normal pre-procedural CVR values, suggesting that residual flow through the target internal carotid artery may be sufficient to mask compromised cerebral collateralization, thereby making pre-procedural CVR evaluation unreliable in the prediction of hemodynamic changes during balloon clamping.
LIMITATIONS
The limitation of our study is a relatively low patient population. A significantly larger number of patients will be needed to confirm whether the results are generalizable to patients with both high-grade (90-99%) and low-grade (70-89%) internal carotid artery stenosis. However, with the decreasing numbers of asymptomatic patients referred for invasive treatment, it is currently unlikely that such a study will be performed without a multi-center design.
CONCLUSION
The majority of asymptomatic patients with severe unilateral carotid artery stenosis show good tolerance of proximally protected carotid artery stenting with temporary carotid occlusion. Despite that, cerebral blood flow is significantly decreased in a subgroup of patients, exposing them to the potential risk of silent hypoperfusion, with a resultant increase in susceptibility to neurologic complications. Transcranial Doppler ultrasound, despite its usefulness in procedural monitoring, is not a reliable tool for prediction of severe hemodynamic changes in patients with unilateral carotid stenosis who are undergoing proximally protected carotid artery stenting. Legend: Breath-holding test not completed in 1 patient unable to hold his breath for sufficient time period. BHI not available due to insufficient TCD window in 3 patients contralaterally to the target internal carotid artery and unilaterally in 1 control subject. Legend: ECA -external carotid artery, CCA -common carotid artery. Scale in cm/s.
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